An outward expansion of urban lands in developing nations is often associated with a substantial loss of environmental resources such as forests, wetlands, freshwater, and cash crop fields. Yet, determining how different aspects of urbanization-such as city population size and the spread pattern of built-up lands-contribute to the cumulative loss of resources remains controversial. In this study, data sets were constructed describing changes to land cover across 65,200 grid cells at 1 km 2 of spatial resolution for China's Changjiang Delta Region over the past sixty years. The results showed that the region lost 12.2% of total resource sites. The distribution of resource degradation showed a highly dispersed pattern and was not confined to a few intense areas associated with large-sized cities. No empirical evidence was found that city population size alone accurately predicts the distribution of resource loss. Very large cities (N=4) contributed 35% of the total loss, demonstrating impacts similar to those of much more scattered towns (N=230). An urban expansion of large-sized cities may truly lead to an extensive resource loss. But a set of non-linear mechanisms, such as the diminishing effects of per-unit area urban spread on resources and interactions between urban patterns and the size of urban spread, also can play a significant role in downsizing the negative effects of large cities on resource sites. Thus, effective urban policies should carefully weigh the cumulative urban-spread mechanisms of both the large and smallsized cities responsible for a spatially-dispersed degradation of environmental resources.
Province, representing15.7% of the region's total terrestrial lands, which has an extensive forest zone that was selected as one of China's 33 priority conservation areas (Xie 2009 ). A regression method using stratified sampling was applied to determine influential urban aspects linked to resource degradation. However, non-physical effects of urbanization, such as air pollution or climatic change, were not included.
Methods
Time-series land-cover data sets were created for the years of 1950, 1979, 1990, 2000, and 2010 based on multi-band remote-sensed images, high-resolution aerial photographs, and digitized historic and land-use planning maps. To identify seven standardized land-cover classes, including urban built-up land, agricultural land, rangeland, forest, water bodies, wetland, and barren land (Anderson et al. 1976 ), on-screen visual interpretation was carried Center. Before analysis, these images were geometrically rectified, re-projected, and resampled using ERDAS Imagine with a 100 meter resolution. A supervised classification of the maps was conducted using the maximum likelihood classifier in Multispec to produce consistent land-cover information. To complement partially missing information, over 200 spatially referenced historic maps and aerial photographs (circa 1963 and 2010) were compiled, as well as some 100 urban planning reference maps published by local municipalities. Consultations were also held with four Chinese institutions in May and June of 2011, including at Fudan University Historical Geography Institute, Tongji University College of Architecture and Urban Planning, Suzhou Bureau of Construction, and with the Segacn Real Estate Group in Changzhou. All data sets were georeferenced in ArcGIS to the Xian 1980 GK Zone 19 coordinate system.
The distribution of environmental resources-forests, freshwater sites, cash crop fields, and wetlands-and the location of urban spread were mapped using the established database.
The region's land was subdivided into 1 km 2 grid cells and a dominant land-cover type within each cell was recorded. The size of grid cells was chosen based on the coarse resolution of historic maps that were at best accurate within an approximately 0.5 km distance. Areas of forests were predominantly occupied by secondary evergreen-broadleaf and mixed deciduous forests (Xu et al. 2010) . Freshwater sites included lakes (> 1 km 2 ), rivers (> 100 m in width), aquaculture sites (> 1 km 2 ), and the vegetated buffer (d = 1 km ~ 5 km) along the water bodies. Water bodies that were not open to any type of hydrological change were excluded.
The vegetated buffer distances were chosen based on the slope of land and soil texture (d = 1 km if slope < 2° and sandy soil; d = 5 km if slope > 5° and clay soil), according to the landscape ecology theory that a vegetated buffer prevents pollutants from entering streams and improves the in-stream processing of pollutants (Allan et al. 1997; Wang et al. 2001; Allan 2004) . Cash crop fields included cotton, oil crops, linen, medicinal plants, and tobacco fields, which were digitized from GJDT (1993) . Lastly, to identify the areas of wetlands, satellite maps, aerial photos, and recent GIS vector data of the 2000 Wetland Map of China created by Gong et al. (2010) were integrated. There was a wide variability in the accuracy of the region's spatial data, given the scarcity of land-cover information before the 1980s and the difference in the resolution of the original references. In some instances, reference maps were used to supplement remote-sensed images, or land-cover information in 1950 was rounded based on 1970s' data sets. In other cases, data accurate enough to rank as sound for the purpose of working estimates at a 100 m resolution (maps after 1979) and 1 km resolution (maps before 1979) were found. Once all data sets were vectorized, the locations of resource sites with urban spread sites were overlapped to illustrate cumulative resource loss by urban spread. To qualify as a resource site converted to urban land, the proportion of urban land within the cell must exceed all other types of land cover that used to dominate the cell.
The spatial correlation between city size and resource loss was tested by using both a scaling-function formula suggested by Bettencourt et al. (2007) and a buffer-graph method.
First, the scaling-function method uses population (N t ) as a measure of city size (at time t) that
In our study, Y t was defined as a log of the area of resources lost to urban spread within a sample boundary. Second, the buffer-graph method calculates the percentage of resource areas lost to urban spread within multiple buffer rings drawn from city and town centres. The radii of buffers were incrementally increased by 500 m intervals until the buffer areas reached 100% of the region's total lands. The four largest cities in the region (N=4: Shanghai, Wuxi, Nanjing, and Hangzhou), together with mid-sized cities (N=12: cities with population between 200,000-500,000 in 2000), and much smaller towns (N=230: towns with population > 50,000 in 2000)
were tested in this manner.
Once a general relationship between city size and resource loss was investigated, stratified sampling of 94 sub-regions was conducted for multiple regression analyses. Two components of city-size effects-increases in urban spread (size factor) and pattern metrics of urban spread (efficiency factor)-were the main variables of interest related to the region's resource loss, controlling for other variables such as soil groups. Stratified sampling is known to reduce the variance of its estimation when analyzing spatially non-homogeneous phenomena (Richards et al. 2000; Achard et al. 2002) . Thus, sampling boundaries were drawn Galster et al. (2001) proposed what is probably the most comprehensive sprawl index, it was not applicable to this study because its calculation was based on residential forms and the standardized parameter of the index did not offer direct interpretation. For Moran's I, fixed distance bands of 3km were used where the zscore of spatial clustering peaked. Stepwise multiple regression analyses were conducted with the backward elimination method (maximum P-value to retain the variables = 0.05). When all variables were tested for multicollinearity, urban spread and Moran's I showed a correlation.
However, they were not excluded in order to be inclusive of interaction effects of major variables on resource.
Results

A highly dispersed pattern of environmental resource loss
The region lost some 12.2% of total environmental resource sites between 1950 and 2010 (the total number of resource cells decreased from 45,817 to 40,211 as shown in Table 1 ). Forests decreased by 13.6%, freshwater sites by 13.3%, cash crop fields by 9.8%, and wetlands by 7.9% ( Figure 1 ). [ Figure 1 near here] The cumulative losses showed a highly dispersed pattern across the region, rather than being confined to a few major areas of intensity near large-sized cities. The buffer-graph method showed that only 35% of the region's total losses have taken place within 30 km of the four largest cities, or 15% of the total land surface. The remaining portion, or 65% of the region's resource losses, was associated with the urban spread located away from the immediate fringes of very large cities. The same proportion of land near much smaller towns (N=230) accounted for some 30% of the total resource loss, demonstrating very similar degradation effects between large cities and small towns. [Table 1 near here] Sensitivity analysis was conducted to test whether the dispersion of resource loss was a result of the definition of the buffer area around cities and towns. However, even when the area definition of the buffer rings changed, the extent of the percentage of resource areas lost to urban spread between very large cities and small towns remained similar ( Figure 2 ).
For example, redefining 30% of the total land surface as buffer areas made only a small percentage of difference between the four largest cities (51%) and small towns (45%). Thus, it can be safely inferred that a few large cities did not consume a disproportionately large amount of resource sites in the region. By contrast, effects of mid-sized cities' urban spread were smaller than the other groups: 15% of the total land near mid-sized cities ( proportion of loss, including 21% of total lost forests, 24.5% of wetlands, 21.2% of freshwater sites, and 13.9% of cash crop fields. The Huzhou and Jiaxing regions also showed a similar congruence ratio of 15.1%, 12.8%, 10.2%, and 9.3%, respectively, across the same resources.
A non-linear relationship between city size and resource degradation
City size showed a weak, statistically insignificant correlation with resource loss. The scalingfunction test of city size showed that the log of resource loss (Y) was positively associated with the log of city size (N), but the predictive capability of city size was fairly small (adjusted R 2 = 0.30, β = 0.535 ± 0.201, N=94). A scaling exponent value of this formula, or β, was far smaller than 1, indicating that certain mechanism of economies of scale shows up relative to the loss of environmental resources as the size of a city increases. When multiple variables were controlled for in the stepwise regression, city size was eliminated as nonsignificant. On the other hand, increases in urban spread and its degrees of spatial clustering, measured by Moran's I, were retained as significant when soil types and the rate of total population growth were held constant (Table 2 ). These results showed that city size may be an underlying but not singularly significant cause of land-cover change associated with resource loss in the region. A probable interpretation of this result is that the multiplication of a 'size factor' and an 'efficiency factor' explains some unanticipated outcome of city size effects on resource loss. [ Table 2 near here]
The log of increases in the urban spread, or a size factor, was significantly associated with resource loss. The best-fit equation was:
where Y is the average percentage of loss of resource sites and X is the number of increased urban spread cells between 1950 and 2010, when one cell unit is equivalent to a 1 km 2 resolution. The level-log relationship has an intuitively clear meaning, i.e., larger urban spread consumes increased resources, but the effects of additional per-unit area urban lands decrease as city size increases. In other words, resource loss is a saturating function of urban spread because, in largely developed areas, an additional expansion of urban lands is more likely to be similar to existing urban forms. In the same vein, in small urban places, the progressive increases in urban lands should have far greater negative impacts on resources than in larger cities.
The Moran's I value of urban spread patterns, or an efficiency factor, ranged from -0.4 (highly dispersed) to +0.6 (highly clustered). Its regression coefficient was positive, meaning that in general, more clustered urban patterns were associated with increased resource loss (P < 0.001). This outcome is counter-intuitive, since sprawl-like urban forms are frequently associated with increased land consumption (Johnson 2001 (HSDF 2006) .
Complicated forces behind land-cover change
Urban spread, despite its statistical significance, has led to varying degrees of resource other types of sown areas, for example, increased from 13% to 16% in Jiangsu and from 9.5% to 11.5% in Zhejiang Province between 1998 and 2002 (Yuan et al. 2005) . Lost wetlands and freshwater sites were scattered to the east, north, and south of Taihu Lake, and along the coasts of the Changjiang and the East China Sea. The annual rate of wetland loss was estimated at only 0.14% over the last sixty years. Between 1990 and 2000, the rate was the highest at 0.6%. Interestingly, the region's net wetland loss was far slower than the national average of 1.5% (Gong et al. 2010 ), owing to the natural growth of marshlands, estuaries, and constructed wetlands in the study area. Also, the region was not as strongly affected by macro-climatic fluctuation like temperature change and drought as other areas like China's Northern plain (Qian and Zhu 2001) .
Environmental policies designed to protect natural lands may also have affected the non-linear relationship between urban spread and resource loss. An aggregate area of 13,525 km 2 , or 3.8% of the total surface of the region's four provinces, was protected as nature reserves as of 2009 (MEP 2010) . Shanghai has the highest proportion of these, with 14.3% of the total land surface protected. Forests and wetlands are the major land types within these reserves; for example, 84% of Jiangsu's nature reserves are comprised of either wetlands or forests (26 out of 31 sites; Jiangsu Province 2009). In effect, the urbanization process may have a reduced or indirect impact on the protected lands of some forests or wetlands.
Discussion
In this analysis, resource degradation in the Changjiang Delta Region does not appear to be confined to the urban fringes of large-sized cities. Further, city size alone does not explain the distribution of resource loss. The extensive urban spread of large cities may truly lead to a substantial loss of resources. But a set of non-linearly performing factors, such as the diminishing effects of per-unit area urban spread on resources, interactions with its spatial patterns, and high variations amongst different resource types linked to the interventionist regime, play a significant role in downsizing the effects of large-sized cities on resource degradation. More conceptually, the effects of population growth on resources, and the associated spread of urban lands, are offset by the increased efficiency factor during the urbanization process. This non-linear mechanism of urban growth may explain why city size is not proportionally associated with increased resource degradation, despite the sustained regularity of city size on a broad set of urban indicators like wealth creation, employment, housing provision, and energy uses (Bettencourt et al. 2007 ). The more centralized expansion of larger cities may incorporate both inner-city redevelopment opportunities and new development away from important resource sites. On the other hand, urban spread in smaller cities may lead to an increased susceptibility of resources to disturbances due to dispersed or polycentric patterns of expansion. Also, small cities may have limited institutional capacities, widespread poverty, and low functional specialization for maintaining the environmental quality, leading to immature coping when faced with the rapid degradation of common-pool resources.
Following on from this analysis, it is clear that the simultaneous growth of small and large cities poses challenges to the conservation efforts of local governments. A singular approach of protecting only hotspots of environmental threats is difficult to achieve in a region where different-sized urban settlements are affecting the land-cover patterns.
Additionally, policies designed to minimize the development of urban lands may have the unintended effect of suppressing reasonable supplies of developable lands in well-managed cities, despite a policy's practical role in saving resource lands. This may in turn lead to the depletion of productive lands by motivating the rapid spread of much smaller cities and villages with highly duplicative and land-consumptive urban patterns. No causal relationship should be inferred, but the region's resource loss and its spatial dispersion seems to be highly attributed to the diminished efficiency factor of urban land use in small cities and towns. In short, land-use control in an urbanizing region is necessary but not sufficient to ensure the conservation of the most valuable resource lands located between interconnected cities.
More from a historical perspective, during the booming period of urbanization in China since 1978, on-ground environmental management efforts hardly achieved their intended goals and were overshadowed by other urgent goals of economic development and poverty reduction. The growth of small-sized cities and towns was promoted as a national policy at China's 1980 National Conference on Urban Planning. Small cities and towns came to be vigorously linked with larger cities to export industrial productions to larger markets, to channel surplus population into rural industries, and to transfer basic social services to underdeveloped villages (Kwok 1982) . Simultaneously, larger cities were designated as growth centres under urban reform, although overly concentrated urban growth was curtailed up to a point (Rowe 2005) . A series of governmental policy interventions, including the first National Land Survey (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) , the Land Administrative Law with several amendments (1986), and the designation of nature reserves, were met with scepticism because of their lack of capital investment, the conflicts with localized economic gains, and the vague definition of preservation goals. (Lin and Ho 2003; Liu et al. 2003) . More recently, at least six key forestry programs were initiated beginning in the late 1990s. However, the central government's total investment in the programs was less than 0.2% of the national GDP in 2005, which was very minor compared to the nation's enormous environmental damage (Wang et al. 2008; NBS 2009 ).
Yet, the region's priority on urbanization and economic growth scarcely resulted in an unmitigated destruction of productive resource lands, despite some cases of large-scale arable land loss. China's institutional players-from rural collectives to municipal governments-appear to have valued productive land resources for very practical reasons. In Dongshanzhen of Suzhou, for example, cultivating aquaculture products (e.g. crabs) and cash crops (e.g. waxberry and pipa) generated the dominant sources of rural income, which in turn stabilized the livelihood of rural villages and generated high tax revenues from increased agricultural outputs. Thus these lands were expanded up to 36.6% of the town's total land, whereas the lowland of forests was selectively converted into urban settlements for the booming tourism Shanghai's government constructed sewage pipes, relocated enterprises that did not meet pollution standards, closed 173 livestock farms, and reforested some 44 km 2 of land along the river (IOSG 2010; Krantzberg et al. 2010 ). Due to these efforts, there were minimal land developments along the 5 km buffer of the river's upper reach, with an annual rate of urban spread < 2%, which was far slower than the city's overall rate of 3.1% between 1979 and
2010.
This trend of rising administrative power of cities, collective demands for wellmaintained environmental resources, and continued land consumption by urban households will pose both challenges and opportunities in the Changjiang Delta Region. Rigid regulatory controls on urban development or a complete freeze on the transfer of land-use rights may not be realistic, due to the region's economic contribution to the production of 19% of the national GDP and 29% of the nation's export commodity value (Rowe 2011 only slightly to 60%, while resource use increased sharply to 55% (fertilizer), 43% (meat), and 54% (domestic materials), respectively (Galloway et al. 2008; FAO 2009; Schandl and West 2010) . Thus, the multiplier effects of increased resource consumption, including percapita land and water, are likely to reshape both the regional and global environment. Note: Correlation coefficients of each listed variable were analyzed using multiple regression analysis with backward elimination with the percentage variance in resource losses. The four variables were retained at 5% significance level. Initial independent variables were per km 2 lengths of expressways (km/km 2 ), distances to four largest cities (km), number of towns within 50 km distance from the center of each sampling boundary, density of industrial enterprises, presence of land subsidence, presence of timber or mining sites, average land slopes (degrees), soil groups (clay/silt/sand; above), natural logarithm of total population (2000), row-standardized Moran's I of urban spread patterns (above), relative increases in urban spread (above), and population growth ratio (total population in 2005 divided by total population in 1997; above). The above regression model is statistically significant, F = 17.5, N = 94, R 2 = 0.35, P < 0.0001. 
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